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Nat-dependent transport of phosphate (Na/P1 cotransport)
represents the main mechanism for P1 uptake into mammalian
cells [1]. Regulation of P uptake by regulating Na/P1 cotrans-
porter function and/or expression is important for P1 homeostasis.
Recently, several mammalian renal Na -dependent transport
systems for P1 were identified using Xenopus oocytes as an
expression system. On a molecular basis they are distinguished by
two distinct types (I and II) with only 20% homology between
these types, but high homology (80%) between the individual
members of each type [1, 2]. As reviewed elsewhere, members of
the type II are likely to be responsible for adaptation of P1 uptake
to P1 diet or hormonal regulation [1, 2]. Type I and II Na/P1
cotransporters can aJso be functionally distinguished by electro-
physiological means, the topic of this review.
Electrophysiological characterization of P,-transport mediated
by type II Na/P, cotransporters expressed in Xenopus oocytes
The rat, human and murine type H Na7P1 cotrarisporter [3, 4]
share common characteristics in electrophysiological studies
[4—61. As shown in Figure IA, P1 superfusion of oocytes express-
ing these transporters induces cell depolarization and correspond-
ing inward currents (In) under voltage-clamp conditions. I, is
dependent on extracellular P (apparent Km of 0.1 mM, Hill
coefficient of 1) and Na concentration (apparent Km of 50 mivi,
Hill coefficient of 3), suggesting at least a 3:1 stoichiometry for
Na :P1 cotransport per cycle. The apparent Km for P1 and Na are
in good agreement with previous P, uptake studies in vesicles of
brush border membranes. The apparent Km for P1 is also depen-
dent on extracellular Na and the holding potential. The apparent
affinity for P1 is increased at more negative potentials and/or high
extracellular Na concentration. This supports a model in which
Na binding occurs prior to P1 binding. is also pH-dependent
and decreases when the pH of the control solution is decreased.
However, the decrease of I, at low pH is likely to be the result of
an interference of H with Na binding. Therefore, inhibition of
1 by acidic pH is pronounced at low extracellular Na. In
contrast, increasing extracellular Na to saturating concentrations
results actually in an increase of l at acidic pH, strongly
suggesting the transport of both monovalent and divalent P,.
Arsenate is also a substrate for the type II Na/P1 cotransporter
with an apparent Km similar to P1. When superfused together,
arsenate inhibits I. In contrast phosphonoformic acid does not
appear to be substrate for type II transporters, but is a competitive
inhibitor for P transport. Finally, all members of the type II
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Na/P1 cotransporter family are inhibited after activation of
protein kinase C [7], while protein kinase A does not affect I. The
properties of type II NaP1-transporters are summarized in
Figure lB.
Electrophysiological properties of type I Na/P cotransporters
expressed in Xenopus oocytes
We also tested the electrogenic properties of NaPi-1 [8], a
member of the type I Na 1P1 cotransporter family. Similar to the
type II transporter, in renal proximal tubule cells is exclusively
expressed in the apical membrane [9]. However, in electrophysi-
ological studies NaPi-1 can be easily distinguished from type II
transporters [10]. In contrast to type II Na/P1 cotransporters,
NaPi-1 expressing oocytes were not depolarized by superfusion at
low extracellular P1 concentrations ( 1 mM). However, at a
holding potential of —50 mV NaPi-1 expressing oocytes produced
a large negative holding current in control solution. Appreciable
inward currents superceding this negative holding current with P1
could only be observed at concentrations 3 msi. Furthermore,
P1-induced currents displayed only a vety weak Na dependence,
suggesting that NaPi-1 is a very atypical P1 transporter, possibly
serving a different function.
In subsequent experiments we therefore analyzed the back-
ground conductance induced by NaPi-I expression in Xenopus
oocytes in detail. In voltage-clamped NaPi-1 expressing oocytes
the holding current reversed its direction at about —35 mV, which
represents the equilibrium potential for C1. This reversal poten-
tial was shifted dramatically by the replacement of C1 with
gluconate, strongly suggesting that NaPi-1 induces a Cl- perme-
able conductance in Xenopus oocytes. This conductance was also
permeable for the halides Br and 1, and inhibited by the Cl
channel blocker NPPB>niflumic acid> DIDS (Fig. 2A). These
results suggest a distinct function of NaPi-1 proteins in renal
proximal tubules.
In the apical membrane of proximal tubules anion conduc-
tances which are inhibited by probenecid have been described
[11]. We therefore tested the effects of the organic anions phenol
red, benzylpenicillin and probenecid on NaPi-1 expressing oo-
cytes. All of these anions inhibited the C1 conductance described
above in a concentration-dependent manner. In current-clamp
experiments these organic anions did not alter the resting poten-
tial of approximately —35 mV. However, in the absence of Cl,
probenecid, phenol red and penicillin-induced membrane hyper-
polarization and outward currents, indicating net inward move-
ment of negative charges. In tracer studies we observed uptake of
benzylpenicillin which was inhibited by NPPB and niflumic acid.
These findings suggest that the type I Na/P1 cotransporter may
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Fig. 1. Properties of type II Na 7P,-cotransporter. (A) Superfusion with Pi
induces membrane depolarizations (left panel) and outward currents
(right panel). (B) This schema summarizes the interaction of Nat, p
arsenate, H and PFA on type II Na7P-cotransporter and its inhibition
by activation of PKC.
be a bifunctional protein that also serves as a novel type of anion
channel permeable not only for Cl but also for organic anions
(Fig. 2B). Such an apical anion channel could serve an important
role in the transport of C1 and the excretion of organic anions.
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